The chemistry of the preparation of β-enamino ketones and β-enamino esters and their use as useful starting materials in reductive procedures for the preparation of biologically active natural products is described.
1. Introduction 2. Synthesis of enaminones
Introduction
The term enaminones is related to compounds that contain the conjugate system described in Scheme 1 and Figure 1 .
It is possible to distinguish enaminones in β-enamino ketones (1, R 1 = alkyl, aryl) and β-enamino esters (3, R 1 = alkoxy). They are enamines of β-dicarbonyl compounds and can be considered as vinylogous amides. Four conformers of the enaminone system are possible, but when R 5 = H the cis A is the more populated and stabilized by hydrogen bond (see Figure 1 ).
The reactivity of these systems can be well understood examining the electronic distribution, better defined with molecular modelling. It can be calculated with quantomechanic semiempirical (PM3) or ab initio (6-31G*) methods and it is depicted through the distribution of the electrostatic potential on the electron density surface, as showed in Figures 1 and 2 , by a conventional colour representation from blue to red, that represents low and high electronic charge density respectively. The attack of electrophiles take place at the carbon atom in α position with respect to the carbonyl group, where there is the major distribution of HOMO orbital (A), while the reactivity towards nucleophiles is directed on the sp 2 carbon atoms bonded to nitrogen or oxigen atoms, that presents the major concentration of LUMO orbital (B). In acidic medium, where the enaminone is protonated, the nucleophilic addition occurs preferentially to the iminic sp 2 carbon atom as showed from the LUMO orbital (C). Imidoyl phenols 2 can be considered systems analogous to enaminones. Although the presence of the aromatic ring, the reactivity of the imine function is influenced by the conjugated phenolic oxygen. In this coniugated system the nucleofile addition occurs exclusively to the iminic sp 2 carbon atom, as showed from the LUMO frontier orbital (E) ( Figure 3 ).
The chemistry of enaminones has been reviewed in the past 1 , and also recently. 
Synthesis of enaminones

Condensation
The interest in β-enamino ketones 1 and β-enamino esters 3 has stimulated a continue search for convenient methods for their synthesis. The more straightforward way to obtain β-enamino ketones is a direct condensation of β-dicarbonyl compounds with ammonia, primary or secondary amines. As water is produced by the condensation reaction, the syntheses present in literature show a variety of methods to remove it, by use of azeotropical distillation of the solvent 7 or in the presence of drying agents as montmorillonite together with microwawes 8 3 as a reusable catalyst in aqueous media. 13 Analogously the preparation of β-enamino esters proceeds in the same way, but presents some drawbacks as the aminolysis of the ester function 14 and in some cases the formation of the β-enamino amide byproduct. 15 Another general one-step method for the preparation of enaminones, especially N,Ndimethylenaminones, is a condensation between an active methylene compound and an amide acetal 16 (e.g. see). Further variation of the enaminone's amino group is possible by substitution of the dimethylamino group with various primary and secondary amines.
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On the other hand acyl phenols react so easily with primary amines to afford imidoylphenols 2 that a simple solventless methodology for their preparation has been developed. 
Imines as precursors for β-enamino ketones and β-enamino esters
The preparation of β-enamino ketones by condensation affords to an unique product only in the case of symmetrical β-dicarbonyl compounds, or when the two carbonyl groups show a very different electrophilicity towards the nucleophile amine. In the other cases the reaction is not regioselective and a mixture of regioisomer β-enaminoketones is obtained, sometimes with difficulties in their separation.
A different approach bypasses this drawback and uses as precursors useful nucleophiles as lithium imines. In fact they react with acylating agents as esters or benzoyl chloroformiate or ethyl carbonate and afford to β-enamino ketones 1 and β-enamino esters 3a,b in good yields. In this way it is possible the synthesis of asymmetrical β-enamino ketones and of a wide serie of β-enamino esters. 15, 19 Anyway this method presents the limitations correlated to the selective deprotonation of unsymmetrical imines and to the sensitivity of these starting materials to moisture (Scheme 2). 
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Other methods
A new method for the regioselective preparation of β-enamino ketones 1 is the reaction of β-enamino esters 3 with organolithium reagents. 20 This method circumvents the preparation of instable imines and through the opportune choice of β-enaminoester and organolithium reagents it allows the preparation of β-enaminoketones not available by condensation or imine acylation (Scheme 3). 
Scheme 3
Another method starts from isoxazoles or isoxazolium salts 6, that afford to various β-enamino ketones when submitted to reductive ring opening conditions with different reagents: EtMgBr/Ti(i-PrO) 4 , 21 
Scheme 4
An analogous approach on benzoxazoles allows the preparation of imidoyl phenols. In this last years fluorinated compounds have awaken a growing interest and also specific methods for the preparation of fluorinated β-enaminoketones have been developed. 
Scheme 5
In fact treatment of β-enaminoketones 1 with lithium amides affords to their dianions, that react with a wide serie of electrophiles affording to polyfunctionalized products. 25 In suitable reaction condictions the deprotonation became regioselective, allowing the preparation of α' or γ-dianions of β-enaminoketones 26 (Scheme 6):
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Scheme 6
The introduction of a chiral group bonded to nitrogen atom allows diastereoselective alkylation 28 
Other functionalizations
Enaminones can be regioselectively functionalized in many ways, through reaction with a wide range of electrophiles. These reactions open an access to several classes of compounds, sometimes unprecedented 27 (Scheme 8). The synthesis of γ-amino alcohols has been performed also from β-amino carbonyl compounds, as reviewed elsewhere. 30 Owing to their structure, enaminones constitute very interesting starting materials for the preparation by reduction of these classes of compounds. The reduction of enaminones opens same interesting challenges about chemo-and diastereoselective reduction of β-enamino ketones and β-enamino esters (Scheme 9). 
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Scheme 9
Moreover o-hydroxybenzylamines 9 constitute an important class of useful pre-catalysts for the addition of dietilzinc to aldehydes, 31 and find an ideal precursor in imidoyl phenols 2 (Scheme 10). 
Scheme 11
Reduction of β-enamino ketones to syn γ-amino alcohols 7 was performed also with CeCl 3 /LiBH 4 system in moderate to good yields and de 33 (Scheme 12). 
Scheme 12
Secondary β-enamino ketones were reduced in acid solution of trifluoroacetic acid in isopropanol as solvent, with NaBH 4 . 34 After workup, α,β-unsatured ketones 11 were obtained in 60-80% yield, in trans olefinic structure (Scheme 13): 60-80%
Scheme 13
The chemoselective reduction of β-enamino ketones 35 
Scheme 14
The reduction of β-enamino ketones 1 also is possible with sodium triacetoxy borohydride and was performed in glacial acetic acid. 40 γ-Amino alcohols are obtained in 70-98% yields in syn configuration predominantly (de 44-99%) as ascertained by analysis of the corresponding tetrahydro oxazine derivatives. The same authors have also patented this procedure. 41 The same reaction has been performed on chiral starting materials. The hypotized mechanism is reported in Scheme 15: 
Scheme 15
The reduction takes place in two steps: first the reduction of the iminium ion in the protonated starting β-enamino ketone (1'), through hydride transfer from the intermediate boro enolate A, then the subsequent reduction of the carbonyl group by the aminodiacetoxyborohydride complex C. The reduction of the iminium ion affords to two diastereomers intermediate β-amino ketones 8. On this intermediate A the hydride transfer can take place either on Re or on Si face respectively. The corresponding transition states for the two situations differ of 1.21 Kcal/mol, being the Re the less stable because of to the steric hindrance between phenyl group and the diacetoxyborohydride group (Figure 4) . The syn stereochemistry of the second reaction step is easily explained examining the two transition states C for the hydride transfer in the reduction of the carbonyl group (Scheme 15).
Oxazines 13 and oxazinones 14 can be easily prepared by cyclization of enantiopure γ-amino alcohols 7 with formaldehyde or carbonyl diimidazole respectively (Scheme 16). 
Scheme 16
The formation of oxazines 13 takes place with retention of the absolute configuration of the stereogenic centres present in the γ-amino alcohols 7, while in the reaction with carbonyl diimidazole, in the presence of diethylamino pyridine, inversion of configuration at C-6 was observed. Epimerization of cis oxazinones (4R,6S,1'R)-14, initially formed, takes place through the open molecule (R,R)-15, affording to the thermodynamically more stable trans oxazinones (R,R,R)-14 (Scheme 17). 
Scheme 17
γ-Aminoalcohols present a strong H-bond between the hydroxy proton and the nitrogen atom, as found in the more stable conformation obtained from conformational analysis by molecular modeling and as confirmed by X-ray structure determination ( Figure 5 ). 
Reduction of β-enamino esters to β-amino esters and β-amino acids
The interest in β-amino esters 8 has stimulated the search for chemoselective reduction of the carbon-carbon double bond of β-enamino esters in the presence of the carbonyl function.
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The reaction of β-enamino esters with sodium triacethoxy borohydride is a convenient and economic way for this reduction 36 (Scheme 18). 
Scheme 18
The same reaction has been applied to a diastereoselective entry to β-amino esters 8 starting from β-enamino esters either cyclic 37 
Scheme 20
In this case the diastereoselectivity is explained on the basis of the structure of the hypotized enol ester-diacethoxy boridride intermediate, in which the hydride ion is transferred on the less hindered si face of the iminium ion double bond, as depicted in Figure 6 . 
Scheme 21
These methodologies have allowed the development of a simple and straightforward procedure for the synthesis of homochiral β-aminoacids, 39 through use of the easily hydrogenolizable chiral (R)-phenylethylamine as chiral source. Particularly has been prepared the enantiopure β-aminoacid cispentacine (12) active against Candida Albicans (Scheme 22). 
Addition reduction one-pot procedures
Another synthetic route to γ-aminoalcohols has been developed by addition of organolithium reagents on enaminones, followed by one pot reduction with sodium triacethoxy borohydride in methanol. Both β-enamino ketones and β-enamino esters can be submitted to this methodology, affording to γ-aminoalcohols with good results. β-Enamino esters 3 react with organolithium reagents 43 
Scheme 24
In the mechanism proposed for this reaction, the first organolithium molecule acts as base extracting the aminic proton (1'). Then a second molecule of organolithium compound attacks the carbonyl function and the substitution of the alkoxy group takes places. Then a third molecule of organolithium reagent attack the carbonyl group of the intermediate β-enamino ketone affording to the intermediate β-imino tertiary alcohol. The addition of sodium borohydride in the acid methanolic reaction mixture affords to a boron alkoxy intermediate on which takes place the hydride transfer and the reduction of the imine group (7).
The addition of only one molecule of organolithium compound on the starting β-enamino ester affords to an intermediate β-enamino ketone 1, that can be isolated, as showed in scheme 24. Alternatively, it is possible the addition of two different organolithium reagents, one by another, and the isolation of the corresponding tertiary γ-aminoalcohol with two different alkyl groups geminal to the hydroxy function (Scheme 25). 
Scheme 27
Catalytic hydrogenation has also been applied to the diastereoselective synthesis of cis-2,6-disubstituted piperidine alkaloids. 47 Both, catalytic hydrogenation and chemical reduction with sodium triacetoxy borohydride, were applied to the enantioselctive synthesis of (+)-tashiromine, 
Scheme 28
These reactions constitute stereoselective key step also in the preparation of carbapenem and penem antibiotics. 51 Reductive procedures are also used in the preparation of 2-azetidinones 26 from β-enamino keto esters 23, 51 as depicted in Scheme 29. 
Conclusions
In summary, in this paper the chemistry of the preparation of β-enamino ketones and β-enamino esters is described and their use as useful starting materials in reductive procedures for the preparation of biologically active natural products. Compounds containing the enaminone system are very stable and have a long shelf life, also in room conditions. At the same, time they can be easy prepared starting from cheap and easily available reagents; therefore, they can be considered excellent starting materials for organic synthesis. Several chemo-and regioselective methodologies for their preparation were developed, also recently. The possibility of the use of chiral enantiopure amines in the preparation of β-enamino esters and β -enamino ketones makes available starting materials very useful for the synthesis of several enantiopure compounds. Moreover, it is possible to prepare more complex enaminones by regio-and stereoselective functionalization of the more easily accessible one.
Starting fom β-enamino ketones and β-enamino esters, it is possible to prepare biologically active compounds by simple reduction or alkylation followed by reduction. The regio-and stereoselective methodologies developed result useful alternative pathways to the numerous literature procedures for the preparation of γ-amino alcohols, β-amino acids, aminoalkyl phenols and their derivatives. Reduction products, as γ-aminoalcohols, aminoalkyl phenols and their derivatives, are very stable compounds that find useful applications in asymmetric catalysis as chelant for the preparation of chiral enantiopure metallic catalysts.
